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Summary
Zebrafish meltdown (mlt) mutants develop cystic ex-
pansion of the posterior intestine as a result of stro-
mal invasion of nontransformed epithelial cells. Posi-
tional cloning identified zebrafish smooth muscle
myosin heavy chain (myh11) as the responsible gene.
The mlt mutation constitutively activates the Myh11
ATPase, which disrupts smooth muscle cells sur-
rounding the posterior intestine. Adjacent epithelial
cells ectopically express metalloproteinases, inte-
grins, and other genes implicated in human cancer
cell invasion. Knockdown and pharmacological inhi-
bition of these genes restores intestinal structure in
mlt mutants despite persistent smooth muscle de-
fects. These data identify an essential role for smooth
muscle signaling in the maintenance of epithelial ar-
chitecture and support gene expression analyses and
other studies that identify a role for stromal genes in
cancer cell invasion. Furthermore, they suggest that
high-throughput screens to identify regulators of can-
cer cell invasion may be feasible in zebrafish.
Introduction
Epithelial mesenchymal interactions are central to ver-
tebrate organ development. In the digestive system,
mesenchymal signals are responsible for patterning
and differentiation of intestinal endoderm (Kedinger et
al., 1998; Roberts et al., 1998). Mesenchymal signals
also direct villus formation and other aspects of epithe-
lial morphogenesis (Kaestner et al., 1997; Karlsson et
al., 2000; Pabst et al., 1999). Reciprocal signals arising
within intestinal endoderm regulate smooth muscle dif-
ferentiation of associated mesenchymal cells (Haffen et
al., 1987).
Mesenchymal cells play a role in the maintenance of
epithelial architecture in adult organs. Within the intes-
tine, interruption of stromal-mediated BMP signaling al-
ters radial patterning of overlying villus epithelial cells
and causes the development of Juvenile-type polyps
that can progress to adenomatous neoplasia (Haramis
et al., 2004). Targeted disruption of the TGFβ type 2
receptor in fibroblasts leads to the formation of pros-
tate and stomach tumors (Bhowmick et al., 2004),*Correspondence: mpack@mail.med.upenn.eduwhereas mutagenized or irradiated mammary stromal
cells can induce a cancerous phenotype of grafted epi-
thelial cells (Barcellos-Hoff and Ravani, 2000; Maffini et
al., 2004). These experiments suggest that signals from
mesenchymal cells regulate not only the arrangement
of epithelia within mammalian organs, but also their be-
havior and function. Consistent with this idea, loss of
heterozygosity, which commonly occurs in cancer cells,
has recently been shown to occur in cancer-associated
stromal cells (Kurose et al., 2001). Further, gene expres-
sion profiling has identified stromal genes that are pre-
dictive of epithelial cancer progression (Allinen et al.,
2004; Ramaswamy et al., 2003). These studies confirm
the importance of the tumor microenvironment in the
biology of human cancers.
Recently, it has been suggested that genes that regu-
late cancer formation may be studied in the zebrafish,
Danio rerio (Amsterdam et al., 2004; Langenau et al.,
2003). Related studies have been described using the
fruit fly, Drosophila melanogaster (Bilder, 2004; Wood-
house et al., 2003). The feasibility of performing high-
throughput analyses with these model systems offers
the possibility of identifying novel genetic and pharma-
cologic regulators of cell transformation. An advantage
of the zebrafish system is the ability to study aspects
of vertebrate organ biology and development that may
influence tumor behavior. Here, we describe molecular
and functional analyses of a zebrafish mutant (melt-
down; mlt) in which intestinal epithelial architecture is
disrupted. Altered smooth muscle function in mlt mu-
tants causes posterior intestinal epithelial cells to
adopt an invasive phenotype. Affected epithelial cells
ectopically express genes implicated in cancer cell in-
vasion. Molecular and pharmacologic targeting of
these genes rescues mlt mutants and supports the uti-
lity of using zebrafish to identify regulators of human
cancer progression.
Results
Altered Epithelial Architecture Gives Rise
to Intestinal Cysts in mlt Mutants
The recessive lethal mlt mutation causes cystic expan-
sion of the larval zebrafish posterior intestine (Pack et
al., 1996). Epithelia of the anterior intestine and other
organs are unaffected in mltmutants and heterozygous
mlt larvae develop normally. Epithelial cysts in homozy-
gous mlt larvae disrupt normal tissue boundaries and
occlude the posterior intestinal lumen (Figures 1A and
1B). An expanded layer of connective tissue typical of
the desmoplastic reaction seen in many cancers and
some benign tumors surrounds most intestinal cysts.
These structural defects of the mlt intestine lead to lar-
val death soon after the onset of exogenous feeding.
Histological analyses show that the mlt posterior in-
testine is comprised of large cysts lined by dysmorphic
epithelia surrounded by expanded connective tissue
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718Figure 1. Epithelial Invasion and Cystic Intes-
tinal Expansion in mlt Mutants
(A and B) Lateral views of wild-type (wt; A)
and mlt (B) 5 day postfertilization (dpf) larvae
reveal cystic expansion of the posterior mlt
intestine.
(C and D) Sagittal histological sections
through wt (C) and mlt (D) intestine show
cysts lined by dysmorphic epithelia and ex-
pansion of surrounding connective tissue
(desmoplasia) in mlt mutants.
(E and F) Lateral views of wt (E) and mlt (F)
74 hpf larvae. Compared with wt, the con-
tour of the mlt posterior intestine is irregular
(arrows).
(G–I) Histological cross-section through the
posterior intestine of wt (G) and mlt (H–J) 74
hpf larvae processed for ZO-1 (green) and
laminin-1 (red) immunohistochemistry (IHC).
The wt intestine is comprised of a single
layer of polarized epithelial cells at this de-
velopmental stage. By contrast, mlt larvae
show focal regions with epithelial strati-
fication (arrowhead; H) or expansion of the
intestinal lumen into subjacent yolk (arrow-
heads; [I] and [J]). Basement membrane ab-
normalities, as evidenced by laminin dis-
ruption (J) or dissolution (I and J) were
associated with both findings. Individual in-
vasive epithelial cells are also identified (ar-
row; J).(Figure 1D). In contrast, the wild-type posterior intestine P
ais organized as a simple epithelial tube lined by colum-
nar epithelial cells (Figure 1C). At 74 hours postfertiliza- t
Btion (hpf), when the mlt phenotype is first recognizable,
ruffling of the posterior intestine is visible in live larvae f
M(Figure 1F). At this stage, both epithelial and mesenchy-
mal cell proliferation are either normal or slightly re- 4
nduced (Supplemental Tables S1A and S1B available
with this article online). These findings suggest that z
Scystic intestinal expansion in mlt mutant larvae does
not arise from a primary defect of cell proliferation. w
tHistological analyses of early mltmutants (74 hpf) re-
vealed additional findings that provided an explanation t
pfor the development of posterior intestinal cysts. In all
mlt larvae examined (n = 5), focal regions of stratified o
iepithelia were identified in the posterior intestine (Fig-
ures 1G–1J). Intestinal structure in the intervening re- a
ggions separating these focal disruptions was normal.
Immunohistochemical analyses revealed basement b
wmembrane irregularities or frank disruption in the ab-
normal regions of all mlt mutants (Figures 1H–1J), with a
ainvasion of individual or contiguous epithelial cells in
these affected regions (Figure 1J). Importantly, a normal e
mpattern of laminin encircling the basal surface of polar-
ized epithelial cells within the mlt intestine was present c
2before the mutant phenotype was recognizable (55 hpf;
Supplemental Figure S1). Together, these data show i
vthat intestinal architecture is initially established nor-
mally in mlt larvae but is subsequently disrupted, lead- t
ming to the formation of massive intestinal cysts.ositional Cloning Reveals that mlt Encodes
Smooth Muscle Myosin Heavy Chain
hat Functions as a Constitutively Active ATPase
ulk segregant analysis placed the mlt locus on zebra-
ish chromosome 6 (http://zfin.org/cgi-bin/webdriver?
Ival=aa-mappingdetail.apg&OID=ZDB-FISH-980202-
44). High-resolution meiotic mapping identified a ge-
omic contig spanning the mlt locus that contained
ebrafish orthologs of three human genes (Figure 2).
equencing of cDNAs for all three genes derived from
ild-type and mlt larvae identified a single base substi-
ution in only the myh11 gene (Figure 2B). This T to C
ransition led to a substitution of arginine for trypto-
han 512, a conserved amino acid in the rigid relay loop
f all vertebrate myh11 genes (Figure 2A). Because an
dentical amino acid substitution arises from a temper-
ture-sensitive loss-of-function mutation in an ortholo-
ous region of Dictyostelium myosin II (http://research.
iology.arizona.edu/myosin/Zebra/Arche494501.html),
e initially predicted that the W512R mutation would
lter smooth muscle contraction and that this would
ccount for the observed epithelial abnormalities. How-
ver, antisense-mediated knockdown of zebrafish smooth
uscle myosin protein (confirmed immunohistochemi-
ally) did not produce amlt phenocopy (Figures 2C and
D). These data show that myosin contractile function
s dispensable during zebrafish development, as pre-
iously reported in mammals (Morano et al., 2000), and
hat the mlt phenotype does not arise from a loss of
yosin motor function. Rather, these data suggest that
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719Figure 2. Causative Mutation of myh11 in mlt Mutants
(A) Schematic of the mlt locus depicting location of the zebrafish
orthologs of the human MYH11 (16p13), UBE2G2 (21q22), and
FLJ31153 (16p13) genes. Numbers refer to larvae recombinant for
polymorphic markers at the ends of the BAC contig spanning the
mlt locus and within the myh11 gene.
(B) Sequencing of wt and myh11mlt alleles reveals a thymidine to
cytosine transition, which changes tryptophan (W512) of zebrafish
smooth muscle myosin to an arginine (R) residue. The W residue
(red *) is highly conserved among vertebrate myh11 genes and the
Dictyostelium myosin II gene.
(C and D) Histological cross-section of a 74 hpf wt (C) larva and a
sibling injected with an antisense myh11 morpholino (D) that were
processed for smooth muscle myosin heavy chain IHC. Morpho-
lino-injected larva is morphologically indistinguishable from the un-
injected wt sibling (not shown) but lacks immunoreactive Myh11
protein in smooth muscle cells surrounding the intestinal epithelia.
Faint epithelial immunoreactivity identified in some larvae is
deemed nonspecific because it persists in knockdown fish that
lack myosin and because myh11 transcripts are not identified in
epithelial cells.
(E and F) Dose-dependent rescue of mlt mutants. Lateral views of
5 dpf mlt larvae injected with the myh11 morpholino. Hi-dose (E)
morpholino injections rescue all mlt embryos. With lower doses (F),
partially rescued mlt larvae with less pronounced posterior intesti-
nal cysts are identified. Genotype of all rescued mlt larvae was
confirmed molecularly. r-mlt: rescued mlt larva.the W512R substitution might be a gain-of-function
mutation.
Knockdown of smooth muscle myosin protein in mlt
larvae confirmed this hypothesis. Microinjection of an
antisense morpholino that targets the translation initia-
tion site of zebrafish myh11 rescued mlt larvae in a
dose-dependent manner (Figures 2E and 2F). Rescued
mlt larvae were morphologically indistinguishable fromwild-type siblings but do not survive to adult stages.
Interestingly, recurrent intestinal cysts were noted in
20% of rescued mlt larvae (n = 80) at 16 dpf (Figures
3A–3D). These data confirm myh11 as the responsible
mlt gene and show that the altered myosin protein in-
duces an invasive phenotype of both developing and
mature intestinal epithelial cells.
We considered two possible mechanisms to explain
how the mlt gain-of-function mutation altered intestinal
architecture. First, the W512R substitution could gener-
ate a hypermorphic myh11 allele. In this model, in-
creased contractile force of the mutant smooth muscle
myosin directly alters stromal-epithelial signaling (Ingber,
2002). Alternatively, the mutant myosin could function
as a neomorphic protein that functions independently
of its normal role in smooth muscle contraction.
To address these possibilities, we performed bio-
chemical analyses using an orthologous chicken smooth
muscle myosin protein engineered to harbor an iden-
tical W512R amino acid substitution (Supplemental Fig-
ure S2). These studies showed that the W512R mutant
heavy meromyosin (HMM) protein functioned as a con-
stitutively active (e.g., hypermorphic) ATPase that was
active with or without phosphorylation of the regulatory
light chain, which regulates contraction of wild-type
myosin (Figure 4). In addition, the phosphorylated and
dephosphorylated mutant myosin had 8- to 10-fold
greater ATPase activity than wild-type myosin in the ab-
sence of actin and no motor function in an in vitro motil-
ity assay (not shown). These results are consistent with
the effects of mutations in orthologous regions of
Dictyosteliummyosin II that abolish myosin motor func-
tion and also elevate basal ATPase activity (Sasaki et
al., 2003; Tsiavaliaris et al., 2002). However, loss of my-
osin motor function cannot account for the mlt pheno-
type, as antisense knockdown of myosin protein in
wild-type larvae does not produce a mlt phenocopy.
Constitutive ATPase Activity of the Mlt (Myh11)
Protein Disrupts Intestinal Smooth Muscle Integrity
To gain a better understanding of how the mlt mutation
affected epithelial architecture, we compared the distri-
bution of smooth muscle myosin protein in wild-type
and early-stage mlt mutant embryos. Although the
number of myh11-positive cells surrounding the mlt in-
testine, as determined by whole-mount RNA in situ hy-
bridization, appeared normal before the mlt phenotype
was recognizable (58 hpf; not shown), the number of
stromal cells positive for the smooth muscle protein de-
smin was reduced in affected regions of 74 hpf and 5
dpf mlt larvae (Figures 3E–3G). Importantly, these de-
fects were rescued by Myh11 knockdowns (Figures 3K–
3M). Electron micrographs of 74 hpf larvae showed that
many of the stromal cells in mlt mutants were dysmor-
phic and appeared to be degenerating, features that
we attribute to the constitutive ATPase activity of the
W512R myosin protein (Figures 3H–3J). Persistent
myh11 expression in 5 dpf mlt larvae (Figure 5) sug-
gests that not all mlt smooth muscle cells degenerate.
However, these cells may represent another myh11+
cell type, such as myofibroblasts, within the expanded
connective tissue compartment within themlt intestine.
Lacking suitable markers, we cannot distinguish these
cells from smooth muscle.
Developmental Cell
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(A and B) Lateral view of 16 dpf wt (A) and rescued mlt (B) juvenile fish. Note excessive folds in rescued fish versus intestinal contraction
seen in wt fish (arrow in [A]).
(C and D) Histological cross-sections through the intestine of wt (C) and rescued mlt (r-mlt; D) juvenile fish processed for Myh11 IHC. Note
intestinal cyst (arrow) beneath primary intestinal lumen in the rescued fish. Nonspecific fluorescence of luminal contents (*) is seen in the wt
and mlt juvenile fish.
(E–G) Histological cross-sections of wt (E) and mlt (F and G) 74 hpf larvae processed for desmin (E and F) and Myh11 immunohistochemistry
(G). Smooth muscle cells surrounding the wt posterior intestine are arranged in a regular pattern, whereas few of these cells surround affected
regions of the mlt posterior intestine (F). A patchy distribution of Myh11 protein is evident in regions of the mlt intestine that appear normal.
(H–J) Transmission electron micrographs (cross-sections) through the posterior intestine of wt (H) and mlt (I and J) 74 hpf larvae. The wt
intestine at this stage is comprised of polarized epithelial cells surrounded by mesenchymal cells. Mesenchymal cells surrounding the mlt
intestine are dysmorphic (red arrows) and in several locations present in larger number than in the wt intestine. Many of these cells appear
to be undergoing degeneration. Dashed red line identifies border separating epithelial cells from underlying stroma.
(K–M) Histological cross-sections through the posterior intestine of 5 dpf mlt (K), wt (L), and rescued mlt (M) larvae processed for desmin
IHC. The patterns of desmin, a smooth muscle marker, are nearly indistinguishable in wt and rescued mlt larvae. There is little desmin in the
mlt larva. r-mlt: rescued mlt.ttent with intestinal myh11 expression that is restricted
F
(
e
Figure 4. ATPase Activity of Wild-Type and W512R Heavy Meromy- (
osins r
tThere is constitutive low-level ATPase activity of the W512R HMM
that is nonregulatable at high actin concentrations (>60 m). Range s
(of ATPase activity for W512R HMM is shown for 40 M, 60 m,
and 100 M actin experiments. Only WT-HMM data could be fit to v
nMichealis-Menton kinetics. All data points represent the average of
two to three experiments. fure or the production of a signal that causes intestinal
igure 5. myh11 Expression in mlt Mutants
A and B) Whole-mount RNA in situ hybridizations showing myh11
xpression in 5 dpf wild-type (A) and mlt (B) larvae.
C and D) Corresponding histological sections through the poste-
ior intestine reveals stromal myh11+ cells surrounding the wild-
ype (C) intestine. In the mlt intestine (D), the myh11+ cells are pre-
ent in the connective tissue adjacent to the epithelial cysts.
E) Cross-section through the posterior intestine of a 5 dpf mlt lar-
ae processed for Myh11 immunohistochemistry; asterisks (*) de-
ote location of epithelial cysts. Sections shown in (D) and (E) are
rom not identical larvae.Taken together, these data support a model in which t
mthe mlt mutation alters epithelial architecture in a cell-
nonautonomous fashion by interfering with the integrity b
lof cells we identify as smooth muscle and, as a result,
stromal-epithelial cell signaling. This model is consis- oo stromal cells in larval zebrafish (Figure 5; Supple-
ental Figure S3; Wallace et al., 2005) and other verte-
rates (Miano et al., 1994). We hypothesize that epithe-
ial invasion in mlt mutants results from either the loss
f a signal that normally maintains epithelial architec-
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heterozygous mlt/+ larvae do not develop intestinal
cysts, smooth muscle cells appear sensitive to the dos-
age of the mutant myh11 allele.
Molecular and Chemical Targeting of Genes
Implicated in Invasive Human Cancer
Rescues mlt Mutants
To further define the nonautonomous nature of the mlt
phenotype, we analyzed the expression of genes
known to play a role in cancer cell invasion. The mem-
brane-typemetalloproteinase-1 (MT1-mmp) andmetal-
loproteinase-2 (mmp2) genes are commonly implicated
in invasive human cancers (Seiki, 2003). Zebrafish mlt
mutants ectopically express the MT1-mmp (mmp14a)
and mmp2 orthologs within the posterior intestinal epi-
thelium (Figures 6A–6D and Supplemental Figure S4).
Gene knockdowns of mmp14a gave early lethal pheno-
types, as previously described (Zhang et al., 2003).
However, partial knockdown of mmp14a coupled with
injection of the mmp2 inhibitor TIMP2 partially rescued
mlt larvae (see below). Compared with mock-injected
mlt mutants, rescued mlt larvae had a discernable lu-
men in regions of the posterior intestine, a phenotypic
variation never seen in uninjected mlt mutants. Immuno-
stainings of rescued mlt larvae revealed localized intes-
tinal regions with normal architecture that lacked
desmin+ smooth muscle cells (Supplemental Figure S5).
Normal epithelial architecture in these segments of res-
cued larvae supports the idea that epithelial invasion in
mltmutants does not arise from disruption of a physical
barrier but instead from altered smooth muscle signal-
ing that activates epithelial metalloproteinases and other
proinvasion genes.
We also tested whether other genes implicated in ep-
ithelial invasion were activated inmltmutants. Elevated
α6β4 integrin expression is reported in human tumors
and cancer cells (Falcioni et al., 1994), and increased
signaling through the β4 integrin subunit has been im-
plicated in cancer cell survival and invasion (Mercurio,
2003; Mercurio and Rabinovitz, 2001; Shaw et al., 1997;
Trusolino et al., 2001). mlt mutant larvae ectopically ex-
press immunoreactive β4 integrin in intestinal regions
where epithelial architecture is perturbed (Figures 6E
and 6F). Partial knockdown of a zebrafish b4 integrin
ortholog using a morpholino designed to truncate the
cytoplasmic domain of the β4 integrin protein that plays
a role in adhesion and cell signaling (Supplemental Fig-
ure S6) did not rescue the mlt phenotype. However,
coinjection of the MT-mmpa and b4 morpholinos, with
the TIMP2 peptide, rescued a higher percentage of mlt
mutant larvae (54.6% of 108 mlt larvae) compared with
MT-mmpa knockdown and TIMP2 injection (11.6% of
120mlt larvae) (Figures 6G–6L; Supplemental Table S2).
Activation of the TGFβ signaling pathway has also
been implicated in cancer cell invasion (Wakefield and
Roberts, 2002). TGFβ signaling in cancer cells may be
activated through either autocrine (autonomous) or par-
acrine (nonautonomous) mechanisms. TGFβ signaling
also appears to play a role in epithelial invasion in mlt
mutants. As shown in Figure 7, 4 dpf mlt mutants ec-
topically express the TGFb1 gene within the intestinal
epithelium as well as the TGFb target genes snail1 andFigure 6. Metalloproteinase and b4 integrin Regulate Invasion and
Proliferation of mlt Intestinal Epithelium
(A–D) Lateral views of 74 hpf wt (A and C) and mlt (B and D) larvae
processed for MT-mmpa (A and B) and mmp2 (C and D) whole-
mount RNA in situ hybridization. Note increased MT-mmpa expres-
sion (B) and ectopic mmp2 expression (D) in the posterior mlt in-
testine.
(E and F) Histological cross-sections of wt (E) and mlt 5 dpf larvae
(F) processed for β4 integrin immunohistochemistry. In the wt (E), a
thin ring of β4 integrin protein surrounds the intestinal epithelium.
Ectopic β4 integrin is present in the epithelial cytoplasm of this mlt
mutant larva (F).
(G–I) Lateral views of posterior intestine from wt (G), mlt larva in-
jected with MT-mmpa and b4 integrin morpholinos and TIMP2 pep-
tide (H), and an uninjected mlt larva (I). The rescued mlt intestine
lacks cysts and closely resembles the wt intestine.
(J–L) Histological cross-sections through the posterior intestine of
wt (J), rescued mlt (K), and mlt (L) 5 dpf larvae processed for lami-
nin immunohistochemistry. The wt larva and the mlt larva rescued
by TIMP2 and mmp and b4 integrin knockdowns have a uniform
layer of laminin surrounding the posterior intestinal epithelium.
Note absence of cysts in the rescued mlt larva. The mlt intestine
is comprised of multiple cysts with surrounding laminin. Asterisk
indicates cyst lumens.snail2, which have been shown to downregulate ex-
pression of E-cadherin in invasive and migratory mam-
malian epithelial cells (Nieto, 2002; Peinado et al., 2003;
Wakefield and Roberts, 2002). Mutant larvae (5 dpf)
treated with a small molecule inhibitor of the mamma-
lian TGFβ Type 1 receptor at 2.5 dpf or 3 dpf had far
Developmental Cell
722Figure 7. Activation of TGFβ Signaling in mlt
Larvae
(A–D) Lateral views of 4 dpf larvae processed
for whole-mount RNA in situ hybridization. (A
and B) Low-power views show ectopic
TGFb1 expression in the mlt (B) posterior in-
testine. (C and D) High-power view of the lar-
vae pictured in (A) and (B). The wt posterior
intestine (white arrows in [C]) is a thin cylin-
drical tube that rests above the yolk exten-
sion (y). The mlt posterior intestine (white
arrows in [D]) is markedly expanded in com-
parison.
(E–H) High-power views showing ectopic
snail1 and snail2 expression in themlt poste-
rior intestine (white arrows) compared with
sibling wt larvae.
(I–K) Lateral views of 5 dpf larvae treated
with the TGFβ Type I receptor inhibitor SB 43542. The rescued mlt larva (J) has a discernable lumen and far fewer cysts than the nonrescued
mlt larva (K) and more closely resembles the wt larva (I).
r-mlt: rescued mlt.fewer cysts than untreatedmlt larvae (Figure 7; reduced s
Scysts in 8 of 20mlt larvae treated at 2.5 dpf; 15 of 31mlt
larvae treated at 3 dpf), suggesting that TGFβ signaling m
sregulates progression of the mlt phenotype. These
data, together with the results of metalloproteinase and h
uintegrin inhibition experiments, suggest that common
molecular pathways regulate the invasive phenotype of t
ehuman cancers and mlt intestinal epithelial cells.
s
Discussion
r
fmlt Confirms a Role for Smooth Muscle
in the Development and Maintenance e
wof Intestinal Architecture
In this report, we describe a mutation that disrupts c
cepithelial architecture in the developing zebrafish intes-
tine. This unusual, gain-of-function myh11 allele encodes t
la myosin protein that functions as a constitutively active
ATPase and lacks motor function. Knockdown experi- z
mments show that constitutive ATPase activity of the mu-
tant Myh11 protein, rather than the loss of myosin func- c
ition on its own, accounts for the mlt epithelial defect.
Immunohistochemical and ultrastructural analyses show w
uthat the mutant myosin selectively disrupts posterior
intestinal smooth muscle cells, which in turn causes d
mbasement membrane dissolution, epithelial invasion,
and ultimately, cystic intestinal expansion. These find-
lings, coupled with normal intestinal cell proliferation
and apoptosis (unpublished) in early mlt mutants, ar- s
egues strongly that cystic expansion in the mlt intestine
arises from a primary defect of tissue architecture. This v
ndefect activates expression of proinvasion genes, pre-
sumably from alterations of smooth muscle-epithelial o
ssignaling. Whether other myh11-positive cell lineages,
such as myofibroblasts, are also altered in mlt mutants p
rcould not be determined in this study because of a lack
of cell-specific markers. t
nNormal intestinal development in heterozygous mlt/+
fish suggest that gene dosage plays an important role t
nin development of the mutant phenotype. Results from
two other experiments support this hypothesis. First,
complementation of the mlt phenotype was observed m
Iin over 100 matings of heterozygous mlt and γ-irradi-
ated fish that are known to carry widespread chromo-omal deletions or rearrangements (M.P., unpublished).
econd, microinjection of wild-type or mutant myh11
RNA failed to rescue or phenocopy mlt mutants (not
hown). However, because we cannot be certain that
emizygous myh11 fish are included among the pop-
lation of γ-irradiated adult fish we tested, and given
he short half-life of exogenous mRNAs in zebrafish
mbryos, these experiments can only be considered
upportive of the gene dosage hypothesis.
Spatial restriction of epithelial defects to the poste-
ior intestine is a second interesting and unexpected
eature of the mlt phenotype. Because of the predicted
ffects of the mutant myosin on cellular energy stores,
e speculate that posterior intestinal smooth muscle
ells are more metabolically active than their anterior
ounterparts, and this renders them more susceptible
o the constitutively active ATPase. However, since the
ocation of various epithelial subtypes within the larval
ebrafish intestine coincides with the distribution of the
lt epithelial cysts (Wallace et al., 2005), it is also con-
eivable that the distribution of the mlt phenotype is
nfluenced by the epithelial cells themselves. Similarly,
e do not know whether physical constraints imposed
pon the posterior smooth muscle cells by the narrow
iameter of the posterior intestine contributes to the
lt phenotype.
Knockdown of the mutant myosin protein rescuesmlt
arvae, but juvenile rescued fish do not survive to adult
tages. Immunohistochemical analyses show that this
ffect on myh11 translation is transient. Thus, these ju-
enile fish survive with what our in vitro assays show is
onfunctional smooth muscle myosin protein. Based
n analyses performed in myh11 knockout mice, we
peculate that Myh9 or a related myosin protein com-
ensates for loss of Myh11 contractile function (Mo-
ano et al., 2000). Why rescued mlt fish fail to survive
o adult stages is not known. Preliminary analyses did
ot identify overt vascular or cardiac defects. Further,
he number and distribution of recurrent cysts would
ot be expected to interfere with intestinal function.
lt May Be Used to Model Cancer Cell Invasion
dentification of myh11 as the responsible mlt gene
supports classical tissue recombination experiments
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testinal development (Kedinger et al., 1998). These
studies showed that splanchnic mesoderm can direct
differentiation and tissue morphogenesis of endoder-
mal cells derived from the intestinal anlage. The ap-
pearance of mlt epithelial defects coincides with the
onset of intestinal smooth muscle and intestinal epithe-
lial differentiation (Wallace et al., 2005). These findings
raise the possibility that epithelial invasion and subse-
quent cyst formation in mlt larvae is a stage-restricted
developmental phenomenon. Recurrent cyst formation
in juvenile, morpholino-rescued mlt mutant fish argues
strongly against that idea. Rather, disruption of intesti-
nal architecture in these fish supports the idea that
stromal cell signaling functions to constrain epithelial
invasion in mature organs. Interference with this role of
tissue stroma has been implicated in both tumor initia-
tion and progression in a variety of experimental sys-
tems (Liotta and Kohn, 2001; Haramis et al., 2004). Al-
ternatively, it is conceivable that epithelial invasion in
mlt mutants arises from other smooth muscle signals.
Several lines of evidence reported in this study sup-
port the idea that it may be possible to model cancer
cell invasion with mlt mutants. First, the alterations of
tissue architecture seen in the mlt intestine are charac-
teristic of invasive cancers. Epithelial cysts and ex-
panded connective tissue seen in mlt mutants also oc-
cur in human Juvenile polyps and Peutz-Jegher polyps.
However, epithelial invasion, which is a prominent as-
pect of the mlt phenotype, is a hallmark of cancer and
is never seen in these benign tumors unless they un-
dergo a cancerous transformation (Kumar et al., 2005).
Second, although epithelial invasion can occur during
normal vertebrate development, such as during branch-
ing morphogenesis of the mammary epithelium (Wise-
man and Werb, 2002), we found no evidence for such
regulated epithelial remodeling during normal zebrafish
intestinal development (Wallace and Pack, 2003). Third,
mlt mutants ectopically express orthologs of human
genes that regulate cancer cell invasion. Finally, genetic
or pharmacological targeting of these genes restores
intestinal structure in mlt mutants. Consistent with the
notion that smooth muscle cells may directly influence
cancer cell behavior is the recent report that human
fibrosarcoma cell invasion is inhibited by targeting of
matrix-associated Hsp90α (Eustace et al., 2004), a pro-
tein that has been reported to be secreted by smooth
muscle cells following oxidative stress (Liao et al., 2000).
The idea that stromal cells and extracellular matrix
constituents regulate tumor cell proliferation, organiza-
tion, and formation has been previously noted (Bissell
and Radisky, 2001; Fidler, 2002; Haramis et al., 2004;
Tlsty and Hein, 2001). Complementing these studies, a
report comparing gene expression profiles of primary
and metastatic adenocarcinomas identified MYH11,
myosin light chain kinase (MLCK), which is required for
smooth muscle myosin contraction, and calponin-1,
which regulates myosin ATPase activity, within a set of
only nine genes whose reduced expression is predic-
tive of cancer metastasis (Ramaswamy et al., 2003).
These data suggest that humanMYH11 polymorphisms
that alter survival or function of smooth muscle could,
in theory, predispose primary cancers to develop an in-
vasive phenotype. Such mutations or polymorphisms
would be predicted to selectively influence the functionof cancer-associated stromal cells, but not normal tis-
sue stroma. Our finding that a single base pair mutation
in zebrafish myh11 generates an invasive phenotype of
epithelial cells within the posterior but not anterior ze-
brafish larval intestine is supportive of such selective
stromal cell susceptibility. In the future, it would be in-
teresting to search for functionally significant human
MYH11 polymorphisms within stromal cells associated
with poor prognoses cancers.
Studying Cancer Invasion Pathways
Using mlt Mutants
An important goal of future studies will be to determine
the identity of aberrant signals responsible for the inva-
sive behavior of mlt intestinal epithelial cells and to ex-
amine whether such signals play a role in human cancer
progression. Secreted ligands that signal through Insu-
lin Growth Factor-1 and Fibroblast Growth Factor re-
ceptors have been reported to induce metallopro-
teinase gene expression in cancer cells and thus are
attractive candidates (Udayakumar et al., 2003; Zhang
and Brodt, 2003).
Analyses of mlt mutants may help define hierarchical
relationships of proinvasive signaling pathways. Some
studies have identified TGFβ as a regulator of metallo-
proteinase expression in invasive cancer cells (Munshi
et al., 2004; Wakefield and Roberts, 2002). However, we
observed that upregulation of TGFβ expression occurs
in established mlt mutants, following the upregulation
of metalloproteinase gene expression. This preliminary
observation would place TGFβ-mediated signaling
downstream of metalloproteinase activation in mlt. In-
deed, metalloproteinases have been reported to acti-
vate matrix bound latent TGFβ in colon and breast can-
cer cells (McMahon et al., 2003; Yu and Stamenkovic,
2000; Yu et al., 2002). This raises the possibility that
activation of endogenous TGFβ in mlt mutants may en-
hance its own expression through an autocrine feed-
back loop, as can occur in transformed mammary epi-
thelial cells (Oft et al., 1996, 1998). Further experiments
will be required to define whether such epistatic rela-
tionships are active inmlt mutants, or whether aberrant
smooth muscle signaling activates these and other pro-
invasion pathways independently of one another.
High-Throughput Analyses in mlt Mutants
An advantage of model organisms such as the zebra-
fish is the ability to do relatively high-throughput for-
ward genetic and pharmacologic screens. Modifier
screens for suppressors or enhancers of themlt pheno-
type using either bioactive small molecules, which have
already been successfully used in zebrafish (Peterson
et al., 2004; Stern and Zon, 2003), or classical mutagen-
esis strategies may help identify novel suppressors of
genes that regulate cancer cell invasion.
Experimental Procedures
Fish Stocks
Wild-type and heterozygous meltdown (mlt) adult fish were main-
tained and crossed as described (Pack et al., 1996).
Positional Cloning
Chromosomal localization of the mlt locus was performed via bulk-
segregant analysis using zebrafish SSR markers randomly distrib-
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724uted on each zebrafish linkage group (M.P. Mohideen, M.C. Fish- c
man, and M.P., unpublished). For fine mapping of the mlt locus, a a
chromosomal walk originating with BAC clones spanning markers p
on either side of the mlt locus (z7647 & kldf gene) was performed. R
Two overlapping BAC clones spanning the mlt locus were ulti- n
mately identified (127N6 & 192P17; zebrafish RPCI-71 BAC library). b
Polymorphisms within BAC ends were identified by heteroduplex i
analysis. We identified one and three larvae that were recombinant 2
for polymorphisms in the 127n06 and 192p17 BAC ends, respec- J
tively (2500 embryos). Zero of 2500 mutant embryos were recombi- S
nant for a polymorphic marker (derived from the Sp6 end of BAC c
161n07) within the myh11 gene.
Shotgun sequencing of two overlapping BAC clones identified r
sequences corresponding to only three genes:myh11, the UBE2G2 (
gene, a ubiquitin-conjugating enzyme ortholog, and a gene ortholo- d
gous to the predicted human gene FLJ31153 that is located adja- t
cent to human MYH11 on chromosome 16. Further analyses of ge- F
nomic sequence available from the zebrafish Ensembl assembly a
identified a predicted gene with low sequence homology to mam-
malian low-affinity nerve growth factor receptor but no other genes l
(not shown). The two critical region BACs did not contain se- t
quences corresponding to this putative receptor homolog. Full- p
length predicted myh11 cDNA sequence derived from the BAC b
clones was confirmed using RT-PCR with RNA derived from adult d
and larval zebrafish. The mlt mutation in the myh11 gene was lo- P
cated 13,420 bp from the zero recombinant marker derived from a
BAC 161n07. This marker was located within the myh11 gene. m
Rescued mlt larvae and 48 hpf mlt embryos were identified mo- r
lecularly. The dCAPs finder 2.0 program (http://helix.wustl.edu/
dcaps/dcaps.html) was used to design PCR primers that intro- c
duced anmboI restriction site into a 300 bp genomic DNA fragment A
amplified from the MYH11mlt allele. Restriction digestion of DNA f
fragments amplified from MYH11mlt and wild-type MYH11 alleles
using the dCAPS primers generated 270 bp and 300 bp fragments,
m
respectively. Primers used for genotyping (5#/ 3# direction) were
F
CAGGAGGAGTATCAGCGGGAAGGCATCGAT and CCACAAAGGA
cCACGTCTGTTGC.
MTo clone zebrafish b4 integrin cDNA, ESTs with homology to the
ghuman β4 integrin gene were identified (fm94e01 and fm84d11).
lFull-length sequence was obtained using 5# and 3# RACE protocols
using RNA derived from 5 dpf larvae.
SMorpholino Knockdowns
SAll morpholinos were injected into 1- to 4-cell stage fertilized em-
fbryos. Injection of 620 pg of a morpholino directed against the 5#
cregion of the zebrafish smooth muscle myosin heavy chain cDNA
that overlapped the predicted translation initiation site completely
rescued all mlt mutants. Injection of lower doses generated par-
Atially rescuedmltmutants. Rescued mutants were identified molec-
ularly.
TFor MT-mmpa, morpholinos directed against either the 5# region
(of the MT-mmpa cDNA or an intron-exon boundary within the cata-
Clytic domain of MT-mmpa were used (injected dose: 1.2 ng). For b4
iintegrin, a morpholino directed against an intron-exon boundary
Dwithin the cytoplasmic domain was used (injected dose: 410 pg).
tIntron-exon splice acceptor morpholinos were designed using ge-
nomic contigs identified in the zebrafish Ensemble database. t
For rescue experiments, 1-cell stage embryos derived from pair- f
wise mating of heterozygous mlt carriers were injected with either
the MT-mmpa morpholino alone or in combination with the b4 inte- R
grin morpholino. Subsequently, all embryos were injected with R
either 0.375 or 0.1875 pg of TIMP2 inhibitor (Oncogene Research
A
Products; PF021) at 48 hpf. Alternatively, 2.5 dpf or 3 dpf larvae
P
were incubated in the TGFβ Type I receptor inhibitor SB 431542
(Tocris; Ellisville, MO; Callahan et al., 2002), 100 M in embryo Rmedia.
Morpholino sequences are as follows (all listed 5# / 3#): (1)
ASmooth muscle myosin heavy chain: ATCATCGCTCAAGCCTTT
HCTTCGTC; (2) β4 integrin (intron/exon): CAGGTTCACCAGGTACTG
MGAAGGTT; (3) MT-mmpa: TGCAGTTTCGGTAACATTCCTTAAT; (4)
cMT-mmpa (intron/exon): AACACATCATTACCTGAAAGAGACC.
A
LImmunohistochemistry, In Situ Hybridization, and Histology
aEmbryos were fixed in either 4% paraformaldehyde or 2% Trichlor-
oacetic Acid (TCA) (Sigma) for 2 hr at room temperature. Histologi- pal analyses and in situ hybridization experiments were performed
s described (Pack et al., 1996). Whole-mount in situ specimens
rocessed for histology were counterstained with Nuclear Fast
ed. For immunohistochemistry, embryos were pretreated with 160
g/l Collagenase (Sigma) for 10 min. Primary antibody was incu-
ated overnight at 4°C. Embryos were washed 3× in PBS contain-
ng 0.2% Tween (PBST) and secondary antibody was incubated for
hr at RT and then washed in PBST. Embryos were embedded in
B-4 plastic (Polysciences) and sectioned by microtome (5 m).
ections were imaged using confocal (Zeiss LSM 510) or fluores-
ent microscopy.
Primary antibodies are rabbit anti-laminin (1:100 dilution) (Sigma);
abbit anti-desmin (1:100 dilution) (Sigma); rabbit anti-b4 integrin
1:100 dilution) (Sigma); rabbit anti-smooth muscle myosin (1:100
ilution) (Biomedical Technologies); and mouse anti-ZO1 (1:50 dilu-
ion) (a generous gift of S. Tsukita). Secondary antibodies are Alexa
luor 488 conjugated anti-rabbit and Alexa Fluor 568 conjugated
nti-mouse (Molecular Probes).
30 mM BrdU was injected into the yolk of the embryo. One hour
ater, embryos were fixed in 4% paraformaldehyde for 2 hr at room
emperature or overnight at 4°C. Fixed embryos were digested with
roteinase K (Roche 745 723) (10 to 20 ng/ml) for 30 min. The em-
ryos were incubated in 2N HCL for 1 hr. Incorporated BrdU was
etected with an anti-BrdU antibody (Roche) and visualized with
eroxidase substrate kit (Vector). For quantification of cell prolifer-
tion, histological sections through the posterior intestine of whole-
ount specimens that had been counterstained with nuclear fast
ed were analyzed.
Construction of W512R mutant chicken smooth muscle myosin
DNA, generation of myosin protein in baculovirus-SF9 cells, and
TPase assays of phosphorylated HMM-like fragments were per-
ormed as described (Sweeney et al., 1998).
RNA Rescue Experiments
ull-length wild-type and W512R mutant myh11 cDNAs were
loned into pCS2. Sense strand mRNA was transcribed (Ambion
essage Machine) and injected into 1-cell stage mlt and heterozy-
ous mlt/+ embryos. At the highest dose injected, 30% of 24 hpf
arvae had nonspecific developmental defects.
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ound with this article online at http://www.developmentalcell.com/
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